To assess the value of videodensitometric quantification of the coronary lumen after angioplasty by comparison to two other techniques of coronary artery lumen quantification.
Introduction
The result of coronary balloon angioplasty is traditionally assessed by quantitative coronary angiography based on edge-detection algorithms. However, for the complex morphology resulting from the intervention, an edge detection method may not be ideally suited. The irregularities in the new lumen, resulting from disruptions of the atherosclerotic plaque and the vessel wall, may result in angiographic contours that interfere with quantification.
Videodensitometric quantitative angiography is a method of measuring the optical density of the contrast filled lumen. It is theoretically less vulnerable to inaccuracies and could potentially be superior in quantitating the post-intervention vessel lumen because of its independence from the luminal shape. Using absolute pixel brightness values, videodensitometric quantitative angiography is based on the relationship between the relative optical densities of the contrast enhanced lumen and absolute vessel dimensions. The value of videodensitometric quantitative angiography is controversial, in part because of disappointing initial results [1] . Most studies have compared videodensitometric quantitative angiography to gold standard edgedetection methods, however, and it is not clear which of the two techniques is in fact the most accurate [2, 3] . Intracoronary ultrasound imaging provides detailed cross-sectional morphometric information on the postintervention vessel lumen, including the disruptions that interfere with edge-detection methods. To date only one study has compared intracoronary ultrasound imaging to videodensitometric quantitative angiography in patients undergoing directional atherectomy and balloon angioplasty [4] . The results of this study suggest that videodensitometric quantitative angiography may offer a better correlation to true luminal dimensions after intervention than edge-detection quantitative angiography, using intracoronary ultrasound imaging as the gold standard. As videodensitometric quantitative angiography is more widely available than intracoronary ultrasound imaging, it may provide a less expensive, on-line alternative to intracoronary ultrasound imaging.
To study the correlation between the three imaging modalities, videodensitometric quantitative angiography was performed in all patients included in the PICTURE (Post Intra Coronary Treatment Ultrasound Result Evaluation) study, designed to study the predictive value of intracoronary ultrasound imaging for angiographic restenosis [5] . The present investigation represents the largest comparison to date of these imaging modalities when used for the assessment of the result of balloon angioplasty in coronary arteries.
Methods
In PICTURE, edge detection quantitative angiography, videodensitometric quantitative angiography and intracoronary ultrasound imaging studies were performed in 200 patients after successful coronary balloon angioplasty of a single lesion in any of the coronary arteries, and intracoronary ultrasound imaging parameters were related to 6 month follow-up edge detection quantitative angiography in order to detect intracoronary ultrasound imaging predictors of restenosis [5] . Patients who had extensive dissections were excluded from the study and were treated with an intracoronary stent.
Quantitative coronary angiography
Angiograms after the post-intervention intracoronary ultrasound imaging study were recorded after intracoronary injection of isosorbide dinitrate or nitroglycerin. At least two orthogonal projections were selected for analysis. To standardize the method of data acquisition, measures were taken as described previously [6, 7] . For calibration purposes the catheter tip was cut off for later measurement with a microcaliper. All angiograms were analysed by a central core laboratory (Cardialysis, Rotterdam, The Netherlands), using the computer-assisted CAAS-II technique which has been described and validated previously [8, 9] . The mean lumen diameter was calculated as the mean lumen diameter of two or more projections.
Videodensitometry
To obtain a cross-sectional area function of the lumen along a segment of interest from a density silhouette of an opacified coronary artery, brightness levels have to be calculated in terms of the amount of X-ray absorption with Lambert-Beer's law [1] . Corrections for spatially variant responses in the imaging chain and processing of the cinefilm were performed. The contours and diameter values of the analysed coronary segment were obtained from the CAAS edge detection method described previously [10] [11] [12] . The profile of brightness of multiple scan lines perpendicular to the local centre-line direction of the coronary artery was then measured. This profile was transferred by a logarithmic transfer to an absorption profile (gross absorption). By computing the linear regression line through the background points directly right and left of the contours of the coronary silhouette, the background contribution was estimated and subtracted from the previous gross absorption profile to obtain the net cross-sectional absorption profile within the vessel contours. Thus a luminal cross-sectional area function along the analysed coronary segment was obtained. Calibration of the videodensitometric quantitative angiography values was performed by equalizing the videodensitometric quantitative angiography lumen area of the reference segment to the area calculated from the edge detection diameter measurements, assuming a circular lumen. This approach to videodensitometric quantitative angiography has been validated in vitro, and in vivo with stenosis phantoms in porcine coronary arteries [7, 12] .
Intracoronary ultrasound imaging protocol
All intracoronary ultrasound imaging studies were performed with three mechanical single element 30 MHz systems: 1: the 'Insight' system (Cardiovascular Imaging Systems Inc. (CVIS), Sunnyvale, California U.S.A.), using 4·3 Fr catheters, 2: the 'Intrasound' system (Du-MED, Rotterdam, the Netherlands), using 4·1 Fr catheters, and 3: The Boston Scientific system (Watertown, Massachusetts, U.S.A.) using 3·5 Fr catheters with a Hewlett Packard (Andover, Massachusetts, U.S.A.) intracoronary ultrasound imaging console.
After completion of the angioplasty procedure, intracoronary nitroglycerin or isosorbide dinitrate was administered and an intracoronary ultrasound imaging catheter was introduced over the guidewire left in place after the angioplasty. Settings for gain and filters were adjusted to result in an optimal visual image. The
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entire procedure was stored on videotape, including annotations and audiorecording. The intracoronary ultrasound imaging catheter was advanced to the dilated segment for close examination of vessel morphology and disruptions. At the narrowest site 10 cc saline and X-ray contrast flushes through the guiding catheter were performed to facilitate the recognition of disruptions, and for confirmation that the narrowest point on the angiogram was being examined. After the morphology had been carefully explored, the transducer was advanced to a site distal to the lesion, and a slow manual pullback manoeuvre was performed until the transducer reached the guiding catheter.
After the intracoronary ultrasound imaging study both the catheter and the guidewire were removed and a final angiogram for quantitative analysis was made.
Ultrasound image analysis
All images were analysed by a committee of five observers unaware of the results of angiography. Qualitative analysis of the images was performed independently by each member of the committee on a dedicated form, and all cases were reviewed in a panel discussion to reach consensus on all diagnostic parameters. The analysis consisted of two parts. First, the entire dilated segment was analysed qualitatively (see below). Second, a single videoframe in cross-section with the smallest lumen area (visually) was indicated by consensus as the narrowest site of the dilated lesion. This cross-section was used for quantitative analysis (see below).
Qualitative analysis
The following parameters (with definitions where appropriate) were assessed: image quality was classified as either acceptable or not acceptable; calcium (defined as dense reflections with acoustic shadowing [9, 10] ), with the number of deposits, their location relative to the narrowest point, their cumulative arc (in degrees) in the dilated segment, and their depth ('superficial' defined as no tissue between the deposit and the lumen, and 'deep', defined as all other depths, or both); rupture of the vessel wall, defined as a radial tear, i.e. perpendicular to the vessel wall layers, dissection of the vessel wall, defined as a tear parallel to the vessel wall layers.
Quantitative analysis
Measurements on the cross-section designated as the narrowest point in the panel discussion, were performed independently by two observers (W.K. and G.P.). After calibration using the markers in the intracoronary ultrasound imaging image, the circumference of the lumen (including extensions created by ruptures or dissections) and of the media/adventitia border were traced manually using computer assisted planimetry [13] . If part of the media-adventitia interface was invisible due to shadowing behind calcium deposits the tracing was extrapolated from the adjacent sectors of the circumference. In cross-sections with more than one quadrant of acoustic shadowing, the tracing was extrapolated from neighbouring cross-sections, as described by others [14] . All tracings were performed according to the consensus interpretation of the image. From this the following parameters were derived: lumen area, vessel area (area encompassed by the media-adventitia border), plaque area (defined as vessel area minus lumen area), and plaque burden (defined as plaque area/vessel area) 100. The mean value of the two independent measurements for each parameter was entered in the database.
Reference vessel dimensions were derived as follows. Proximal and distal to the dilated segment a crosssection was selected on the following criteria: the least amount of plaque present visually within 1 cm of the balloon area and no side-branch between the dilated segment and the reference cross-section. Lumen area and vessel area were measured, and the mean of the proximal and distal values was used in the analysis, analogous to the interpolated reference segment calculated in the CAAS system.
Inter-observer variation of the measurements (199 baseline intracoronary ultrasound imaging studies) was as follows. Minimal lumen area: SD 0·66 mm 2 , coefficient of variation 12·6%; plaque area: SD 1·34 mm 2 , coefficient of variation 15·7%; vessel area: SD 1·43 mm 2 , coefficient of variation 10·4%; plaque burden: SD 5·22%, coefficient of variation 8·6%. Consistent errors were 0·02 mm 2 for lumen area, 0·20 mm 2 for vessel area, 0·22 mm 2 for plaque area and 0·89% for plaque burden. Exclusion of lesions with more than one quadrant of calcium did not significantly alter the reproducibility.
Statistics
Results are given as mean (SD). Linear regression analysis was performed to assess the strength of the relationship between the different techniques for measurements of lumen areas. The two-tailed paired Student's t-test was used to compare measurements of the different techniques. Differences between methods were studied according to the approach of Bland and Altman [15] . A P-value <0·05 was considered significant.
Results
From the 200 patients included in PICTURE, 39 were excluded in the present analysis for the following reasons. In six cases a stent precluded analysis, in three either the operator or the patient refused a repeated intracoronary ultrasound imaging examination after additional balloon inflations were performed after the first intracoronary ultrasound imaging examination, in two cases data were incomplete. In 28 cases data were not adequate for the present analysis: in 17 the reference segments of quantitative angiography and intracoronary ultrasound imaging did not match, and the quality of the examination was insufficient for quantitative angiography in four cases and for intracoronary ultrasound imaging in seven cases. Thus, 161 patients were available for analysis. Their baseline characteristics are show in Table 1 . Table 2 summarizes the quantitative results. Lumen cross-sectional areas were significantly larger by videodensitometric quantitative angiography than by edgedetection quantitative angiography, and largest by intracoronary ultrasound imaging (P<0·001). The correlation between intracoronary ultrasound imaging and videodensitometric quantitative angiography was almost similar to that of intracoronary ultrasound imaging and edge-detection quantitative angiography (Table 3) . However, on average, videodensitometric quantitative angiography dimensions corresponded more closely to intracoronary ultrasound imaging dimensions than edge-detection quantitative angiography dimensions, which is apparent from the mean values ( Table 2 ). The lumen cross-sectional area averaged 2·82 (1·15) mm 2 for edge-detection quantitative angiography, 3·67 (1·5) mm 2 for videodensitometric quantitative angiography and 5·32 (1·75) mm 2 for intracoronary ultrasound imaging. The agreement between videodensitometric quantitative angiography and intracoronary ultrasound imaging is shown in Fig. 1 , and the agreement between edge-detection quantitative angiography and intracoronary ultrasound imaging in Fig. 2 .
The correlation between the three techniques ( Table 3 , illustrated in Figs 3-5), was not significantly influenced by the presence of ruptures and dissections by ultrasound (P-values not shown). The absence of calcifications improved the correlation between videodensitometry and both other techniques (Table 3) , but the number of non-calcified lesions was small [16] .
Discussion
Observations by intracoronary ultrasound imaging have stressed the complexity of coronary arterial morphology following balloon dilatation of a stenotic segment.
In addition, such imaging has increased our understanding of the limitations of the quantification of luminal dimensions by edge-detection quantitative angiography in this situation. The complexity of the luminal morphology may not be adequately assessed by one-dimensional mean luminal diameter measurements, and with edge-detection quantitative angiography only a limited number of projections may be analysed. This precludes a true circumferential assessment. For this reason, and because of excellent correlations with histology in in-vitro validation studies, it would seem appropriate to adopt intracoronary ultrasound imaging as the gold standard for lumen quantification after angioplasty [16] . However, intracoronary ultrasound imaging studies require additional time and resources, and may lead to complications (even though that risk is small) [17] . Comparisons between edge-detection quantitative angiography and quantitative intracoronary ultrasound imaging have generally shown good agreement in normal coronary segments [18, 19] , but agreement [30] . 
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deteriorates as luminal irregularity increases [20, 21] . In post-angioplasty coronary segments, both a systematic over-estimation [22, 23] and under-estimation [24] of luminal dimensions by edge-detection quantitative angiography as compared to intracoronary ultrasound imaging have been described, and under-estimation by edge-detection quantitative angiography has been reported for different interventional devices [25] [26] [27] . In the present study we found smaller dimensions with edge-detection quantitative angiography as compared to intracoronary ultrasound imaging after balloon angioplasty. Several factors contribute to under-estimation by edge-detection quantitative angiography. A false lumen may not be included in the (automated) measurement because of its small size or low contrast density, and non-laminar flow may lead to reduced contrast at the wall-lumen interface. Conversely, splinting of a disrupted vessel by the intracoronary ultrasound imaging catheter will increase its ultrasound lumen dimensions, and areas of attenuation of the ultrasound signal, e.g. behind tissue flaps, may erroneously be included in lumen measurement.
Considering the fact that videodensitometric quantitative angiography yields cross-sectional area measurements that can be compared to intracoronary ultrasound imaging measurements, and that both techniques are projection independent, we hypothesized that videodensitometric quantitative angiography measurements would more closely match intracoronary ultrasound imaging measurements than edge-detection quantitative angiography measurements. Our findings show that this is indeed the case [2] even though the correlation coefficients did not differ.
There was little influence of dissections and ruptures (detected either by angiography or intracoronary ultrasound imaging) on the correlation coefficients between the techniques (Table 3 ). It was expected that irregular luminal extensions, e.g. behind tissue flaps, would interfere more with edge-detection quantitative angiography than with videodensitometric quantitative angiography. However, this was not apparent from our findings. The correlation between videodensitometric quantitative angiography and intracoronary ultrasound imaging was in fact better if the dissection was present on intracoronary ultrasound imaging. The reason for this is unclear and may reflect a chance finding.
In the absence of calcium deposits a better correlation was found between videodensitometric quantitative angiography and intracoronary ultrasound imaging. This is explained by the fact that due to the X-ray density of calcific deposits they may be included in the measurements of the contrast-filled lumen with videodensitometric quantitative angiography.
Our findings are in accordance with the data on balloon angioplasty of Ozaki et al. [4] , except for a poorer correlation between videodensitometric quantitative angiography and intracoronary ultrasound imaging in our study (0·44 vs 0·63). The most important difference between the studies in this respect is the percentage of calcified lesions. In our study 9·9% of all lesions were without calcifications by intracoronary ultrasound imaging, compared to 26% in the study by Ozaki et al. [4] . With fewer calcific lesions the correlation between videodensitometric quantitative angiography and intracoronary ultrasound imaging is likely to be better.
Limitations
For clarity of the comparisons, we mathematically constructed lumen areas for edge-detection quantitative angiography based on the mean luminal diameter data. However, a circular lumen in post-intervention segments cannot be assumed, except after stenting and after rotational atherectomy [28, 29] . The cross-section selected for analysis may not have been exactly identical in all three techniques. This is an inherent problem when comparing these techniques. With quantitative angiography it is selected automatically, whereas with intracoronary ultrasound imaging it is selected by the observer on the basis of the luminal dimensions observed off-line. We attempted to ensure maximal accordance between the cross-sections selected by simultaneous recording of fluoroscopy with the ultrasound study, by voice recording during the procedure and by using anatomical landmarks such as side-branches.
The relatively large catheters used for intracoronary ultrasound imaging (4·1 F) in some patients may have 
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influenced the measurements of luminal dimensions. We did not use an automaitic pullback device for the intracoronary ultrasound imaging catheter. However, as we did not make longitudinal or three-dimensional observations, we do not expect a significant error from this approach.
Finally, we did not investigate the arteries before the intervention. This might have added to our understanding of the anatomical factors that led to discrepancies between the techniques.
Conclusions
In the morphometric assessment of post-angioplasty coronary segments, edge detection quantitative angiography and videodensitometric quantitative angiography provide equivalent information, and both techniques are acceptable when compared to the gold standard intracoronary ultrasound imaging. Since all comparisons of luminal dimensions showed statistically significant differences, parameters derived from the three techniques are not exchangable. The luminal dimensions, as measured by videodensitometric quantitative angiography, matched intracoronary ultrasound imaging-derived dimensions more closely than edgedetection quantitative angiography. Therefore videodensitometric quantitative angiography represents an on-line alternative to intracoronary ultrasound imaging, at low cost, for the quantitative analysis of the complex vascular morphology following angioplasty.
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